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Restenosis is a reparative response to arterial injury occurring 
with percutaneous coronary revascularization. However, the 
quantitative characteristics of the relation between vessel injury 
and the magnitude of restenotic response remain unknown. This 
study was thus performed to determine the relation between 
severity of vessel wall injury and the thickness of resulting 
neointimal proliferation in a porcine model of coronary restenosis. 
Twenty-six porcine coronary artery segments in 24 pigs were 
subjected to deep arterial injury with use of overexpanded, 
percutaneously delivered tantalum wire coils. The vessels were 
studied microscopically 4 weeks after coil implantation to measure 
the relation between the extent of injury and the resulting 
neointimal thickness. 
Restenosis after percutaneous transluminal coronary angio-
plasty remains a major limitation of this valuable revascu-
larization procedure (1-7). Despite much effort, adjunctive 
drug treatment and new catheter devices have not reduced 
its incidence to <20% to 35% in clinical studies (8-20). 
Although these studies have determined numerous angio-
graphic risk factors for restenosis, they have not provided 
data on the arterial response to injury (21). 
One fundamental question involves quantitative charac-
teristics of the relation between deep arterial injury and 
neointimal growth. Demonstration of such a relation could 
yield insight into potential clinical approaches to the reste-
nosis problem. The purpose of this study was thus to 
quantitate the degree of vessel injury and the magnitude of 
resulting neointimal proliferation. Because angiographic and 
clinical studies in humans cannot accurately measure vessel 
injury incurred during revascularization, an accurate, prolif-
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For each wire site, a histopathologic score proportional to 
injury depth and the neointimal thicknesses at that site were 
determined. Mean injury scores were compared with both mean 
neointimal thickness and planimetry-derived area percent lumen 
stenosis. The severity of vessel injury strongly correlated with 
neointimal thickness and percent diameter stenosis (p < 0.001). 
Neointimal proliferation resulting from a given wire was related to 
injury severity in adjacent wires, suggesting an interaction among 
effects at injured sites. 
If the results in this model apply to human coronary arteries, 
restenosis may depend on the degree of vessel injury sustained 
during angioplasty. 
(JAm Coli Cardiol1992;19:267-74) 
erative porcine coronary restenosis model (22) was used to 
study this relation. 
Methods 
Animals. All studies were performed with the approval of 
the Mayo Clinic Institutional Animal Care and Use Commit-
tee. Juvenile domestic crossbred pigs (weight 25 to 35 kg) 
were fed a normal laboratory chow diet without lipid or 
cholesterol supplementation. Animals were given oral pre-
medication ::524 h before coronary artery injury, consisting 
of aspirin (650 mg) and nifedipine-XL (30 mg, to lessen 
coronary artery spasm after injury) . Intramuscular ketamine 
(12 mg/kg body weight) and xylazine (8 mg/kg) were used for 
general anesthesia. The ventral neck region was infiltrated 
with 10 ml of xylocaine (1%) for local anesthesia. Oxygen 
was administered by face mask. Continuous electrocardio-
graphic and transcutaneous hemoglobin saturation monitor-
ing were performed. The right external carotid artery was 
exposed and an SF hemostatic arterial sheath placed for 
arterial access. Heparin (10,000 U) was administered as an 
arterial bolus injection immediately after sheath placement. 
Method of vessel injury. Coronary artery injury under 
fluoroscopic guidance has been described previously (22). 
Briefly, commercial coronary angioplasty balloons were 
wrapped with a tantalum metallic wire coil so that balloon 
inflation would deploy the coil and injure a targeted coronary 
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artery. This balloon expansion and coil injury method results 
in histopathologic injury by each coil wire segment. Balloons 
(2 to 3.5 mm) were substantially oversized for the 1.5- to 
2-mm vessel diameters. For this study, balloons were in-
flated once to 8 to 10 atm for 15 s, then removed. Arterial 
injury induced by this method is nonuniform because wire 
penetration depths vary within a localized vessel region as a 
result of the three-dimensional configuration of the coils. A 
graded spectrum of injury thus occurs along a spatially 
localized circumferential region of vessel wall. 
Coil implantation was performed in 26 coronary artery 
segments in 24 pigs (2 pigs had two coil implants each). Coils 
were implanted in 14 left anterior descending, 6 left circum-
flex and 6 right coronary arteries. Fluoroscopy and selective 
contrast injection shortly after coil implantation confirmed 
coil location, adequate coil expansion and vessel patency. At 
the end of the procedure, the carotid sheath was removed 
and the artery ligated. The neck wound was closed with 
interrupted sutures. The animals were closely observed for 4 
weeks. 
Histopathologic processing and measurements. Pigs were 
killed at 28 ± 3 days after coil implantation with 10 ml of a 
commercial euthanasia solution administered by ear vein 
(Sleepaway, Fort Dodge Laboratories). The heart was re-
moved immediately at death and the coronary arteries were 
pressure perfusion fixed for 24 h with 10% neutral buffered 
formalin at 50 mm Hg. Coronary artery segments containing 
the tantalum coils were carefully dissected free from the 
epicardial surface. The vessels were sectioned at 2-mm 
intervals perpendicular to the vessel long axis and the 
residual metallic coil fragments carefully removed. Each 
arterial segment was embedded and stained with hematoxy-
lin-eosin and elastic van Gieson stains. All histopathologic 
measurements and observations were made by the patholo-
gist using a calibrated microscope reticle. 
Figure 1 is a schematic illustration showing how measure-
ments were performed. Each 2-mm histologic section of a 
given artery was examined to determine the section showing 
maximal lumen narrowing caused by the coil. The single 
arterial histologic section with the most severe lumen stenosis 
was used to make all measurements. The microscope reticle 
was used to measure major and minor axes of both the original 
and stenotic (residual) vessel lumen. 
The cross-sectional area of each lumen (original and 
stenotic) was measured with digital microscopic planimetry 
with use of calibrated Bioquant software. The original lumen 
was measured by planimetry as that area subtended within 
the internal elastic lamina and the stenotic lumen as the 
remaining lumen of the artery. Total neointimal area was 
calculated as the difference between original and stenotic 
lumens (original area - stenotic area). Percent area stenosis 
was calculated as: 
%Stenosis = 100 x (1 - [Stenotic lumen area/Original lumen area]). 
Quantitative vessel injury severity and neointimal re-
sponse were derived from the elastic van Gieson-stained 
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Figure 1. A, Photomicrograph of coil-injured arterial segment 28 
days after different depths of injury were created by different wires 
(I to 5). Wire numbers appear in wire lumens. L = vessel lumen; 
M = media; NI = neointima. Elastic van Gieson stain x 30, reduced 
by 25%. B, Schematic drawing shows how measurements were 
made. Dashed line axes indicate original lumen major and minor 
axes; solid line axes indicate residual lumen major and minor axes. 
Injury scores for each wire are located outside the vessel (large 
numbers). a and b = neointimal thickness for wires 5 and 3, 
respectively. Adapted from Schwartz et al. (22) with permission of 
the American Heart Association, Inc. 
sections as follows. Vessel injury at every wire site was 
determined by the anatomic vessel structures penetrated by 
each wire. A numeric value was assigned according to injury 
severity. This value could vary from 0 (least injury) to 3 
(most injury) as shown in Table 1. Neointimal thickness at 
each wire site was measured as shown schematically in 
Figure lB. 
Statistical methods. An arterial injury score for each 
stenotic segment was calculated as the mean injury caused 
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Table 1. Values for Vessel Injury Score 
Score 
0 
2 
Description of Injury 
Internal elastic lamina intact; endothelium typically 
denuded; media compressed but not lacerated 
Internal elastic lamina lacerated; media typically 
compressed but not lacerated 
Internal elastic lacerated; media visibly lacerated; 
external elastic lamina intact but compressed 
External elastic lamina lacerated; typically large 
lacerations of media extending through the 
external elastic lamina; coil wires sometimes 
residing in adventitia 
by all coil wires in that segment. The anatomic and histo-
pathologic basis of this score was defined prospectively by 
the pathologist. It was calculated as: 
Sum of weights for each wire 
Mean injury score = 
Number of coil wires present 
The mean neointimal thickness for all wire sites in the 
section was used as the index of injury response. For 
example, in the arterial segment in Figure lB, five wires are 
present. Wire 1 perforated the internal elastic lamina and 
media. Wires 2, 3 and 4 perforated the internal elastic lamina 
but did not enter media. Wire 5 perforated the internal elastic 
lamina and entered media. The vessel injury score would be 
calculated as: 
Wire 1 Wire 2 Wire 3 Wire 4 Wire 5 
2 + + + + 2 = 7, 
or mean injury score: 7/5 = 1.4. 
For each of the 26 arterial segments in the study, there 
was thus a mean injury score, a mean thickness of neointimal 
response, a total neointimal area and a percent area stenosis. 
After the mean injury and response were calculated, linear 
regression was performed by using standard methods to 
derive a slope, an intercept and Pearson correlation coeffi-
cients for the relations. Computations were performed with 
the Systat statistical system. 
Results 
Twenty-four pigs underwent successful coil implantation. 
Pigs 1 and 3 had coils placed in two different coronary 
arteries, yielding a total of 26 arterial segments. All pigs 
survived without problems until death was induced (Table 
2). 
Neointimal response. Microscopic examination revealed 
proliferative neointimal responses and lumen stenoses of 
varying magnitudes. Table 3 lists planimetry-determined 
area measurements (mm2) for the native and stenotic lumens 
and respective percent area stenoses. Table 4 lists mean 
arterial injury score and mean neointimal thickness for each 
vessel segment examined. 
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Table 2. Survival and Coil Characteristics in 24 Pigs With 26 Coil-
Implanted Coronary Arteries 
Pig Segment Days Coil 
No. No. Survived Location 
30 LAD 
I 2 30 RCA 
2 3 28 RCA 
4 30 LAD 
3 5 30 RCA 
4 6 28 RCA 
5 7 28 LAD 
6 8 28 RCA 
7 9 29 LAD 
8 10 30 LAD 
9 11 28 LAD 
10 12 28 LAD 
11 13 28 LAD 
12 14 28 LCx 
13 15 27 LAD 
14 16 27 LAD 
15 17 27 LAD 
16 18 27 LAD 
17 19 29 RCA 
18 20 25 LAD 
19 21 28 LCx 
20 22 28 LAD 
21 23 28 LCx 
22 24 27 LCx 
23 25 27 LCx 
24 26 28 LCx 
LAD = left anterior descending coronary artery; LCx = left circumflex 
coronary artery; RCA = right coronary artery. 
Figures 2 and 3 show plots of mean neointimal thickness, 
percent area stenosis and neointimal area versus mean injury 
score for each injured segment. A statistically significant 
proportional relation existed in all cases. Table 5 shows the 
regression variables of slope, intercept, Pearson correlation 
coefficient and p value for each of these relations. 
Injury scores. Figure 4 shows neointimal thicknesses for 
all wire sites individually (as opposed to mean thickness) 
plotted versus mean injury score for the segment observed. 
The values (±SD) for mean injury levels 0 to 3 were: injury 
0 = 0.35 ± 0.17 mm, injury 1 = 0.4 ± 0.17 mm, injury 2 = 
0. 76 ± 0.29 mm and injury 3 = 1.02 ± 0.29 mm. 
Neointimal thickness at individual wire sites. Figure 5 
shows the relation between the mean neointimal thickness 
for all segments analyzed versus neointimal thickness at 
individual wire sites within that section. It shows that 
proliferation at a single wire site was correlated with the 
overall injury present at that site. These relations are statis-
tically significant for all degrees of injury: 0 (p < 0.05), 1 
(p < 0.001), 2 (p < 0.001) and 3 (p < 0.001). 
Discussion 
Re stenosis remains an important limitation of percutane-
ous interventions for coronary artery disease, despite major 
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Table 3. Injured Coronary Artery Area Measurements in 
26 Vessels 
Area (mm2) 
Neointimal 
Native Stenotic Area % Area 
Vessel No. Lumen Lumen (mm2) Stenosis 
3.93 2.59 1.34 34 
2 5.12 1.67 3.45 67 
4.02 2.81 1.21 30 
4 2.55 1.11 1.44 56 
5 4.32 1.44 2.88 67 
6 3.03 0.88 2.15 71 
7 2.84 1.99 0.85 30 
8 6.1 0.44 5.66 93 
9 2.16 0.32 1.84 85 
10 3.04 1.63 1.41 46 
11 2.82 1.04 1.78 63 
12 3.54 0.94 2.6 73 
13 2.4 0.46 1.94 81 
14 3.99 2.78 1.21 30 
15 3.74 0.69 3.05 82 
16 3.46 1.51 1.95 56 
17 2.93 0.74 2.19 75 
18 2.85 0.3 2.55 89 
19 3.87 1.7 2.17 56 
20 3.81 2.41 1.4 37 
21 3.17 1.35 1.82 58 
22 8.43 0 8.43 100 
23 4.29 0.04 4.25 99 
24 3.75 2.53 1.22 33 
25 2.61 0.98 1.63 62 
26 3.34 0.85 2.49 75 
Mean± SD 3.7 ± 1.3 1.28 ± 0.85 2.42 ± 1.61 63 
procedural advances over the past 10 years. Clinical studies 
(23-26) have determined angiographic and clinical risk fac-
tors for restenosis but have not yielded insight into the 
cellular response to mechanical intervention. Although re-
stenosis is an arterial response to injury (27-29), the nature 
of the relation between that injury and proliferative neoin-
tima remains unknown. This study determined this relation 
in a porcine coronary restenosis model with neointimal 
proliferation that closely resembles human restenosis. 
Vessel injury and neointimal thickness: implications for 
angioplasty. The proportional response to injury in these 
porcine arteries may hold implications for understanding 
human restenosis. Specifically, the proportional injury-
response relation might answer the question "why doesn't 
restenosis develop in all patients undergoing coronary an-
gioplasty?" As documented in this model, all injured vessels 
develop neointima of variable thickness related to the degree 
of injury. Patients with restenosis may be those whose artery 
incurred greater injury during revascularization. Deep arte-
rial lacerations may cause the thickest neointima and more 
severe lumen compromise. Milder vessel trauma may result 
in less neointimal thickness and less lumen stenosis. 
Restenosis and intracoronary stents. The proportional re-
sponse to injury suggests that proliferative neointima is more 
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Table 4. Coronary Artery Injury and Response Measurements in 
26 Vessels 
Mean Injury Mean Neointimal 
Vessel No. Score± SD Thickness (mm ± SD) 
l 1±0 0.42 ± 0.18 
2 1.7±1.4 0.89 ± 0.39 
3 I± 0.6 0.36 ± 0.15 
4 1.8 ± 0.8 0.61 ± 0.27 
5 2.7 ± 0.5 0.8 ± 0.16 
6 2.5 ± I 1.05 ± 0.31 
7 0.8 ± 0.5 0.33 ± 0.03 
8 2 ± 0.9 1.2 ± 0.39 
9 2.5 ± 0.7 1.08 ± 0.17 
10 2 ± 0 0.53 ± 0.19 
11 2.5 ± 0.7 0.57 ± 0.1 
12 1.5 ± 0.6 0.55 ± 0.18 
13 1.4 ± 1.5 0.61 ± 0.11 
14 1±0 0.37 ± 0.11 
15 3 ± 0 1.19 ± 0.08 
16 2.4 ± 0.9 0.74 ± 0.23 
17 3 ± 0 0.87 ± 0.15 
18 3 ± 0 1.23 ± 0.37 
19 1.2 ± 0.9 0.39 ± 0.23 
20 1.3 ± 0.5 0.43 ± 0.12 
21 0.7 ±I 0.39 ± 0.08 
22 2.8 ± 0.5 1.39 ± 0.32 
23 2.7 ± 0.5 0.89 ± 0.09 
24 0.4 ± 0.5 0.22 ± 0.07 
25 2.4 ± 0.9 0.73 ± 0.4 
26 2.4 ± 0.5 0.92 ± 0.27 
Mean± SD 1.9 ± 0.8 0.72 ± 0.33 
than a foreign body reaction both in this study and possibly 
with human intracoronary stents. Although the metals used 
in current metallic stents (tantalum and stainless steel) are 
biocompatible materials , substantial proliferation after hu-
man stent implantation occurs frequently (30). In early 
studies of metallic stents in normal dog arteries, mild neoin-
Figure 2. Scatterplot of mean neointimal thickness versus mean 
injury score for 26 coil-injured coronary artery segments . A propor-
tional relation exists. The scatter increases for increasing mean 
depth of injury. 
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Figure 3. Scatterplots of mean percent area stenosis (A) and abso-
lute neointimal area (B) versus mean injury score for 26 coil-injured 
coronary artery segments. A proportional relation exists similar to 
that in Figure I. 
timal proliferation was evident in vessels that were not 
injured. Roubin et al. (31) reported a mean neointimal 
thickness of 0.27 mm after placement of correctly sized 
coronary stents in dogs. Another report (32) of metallic stent 
placement in atherosclerotic swine showed proliferative 
neointimal thicknesses of 0.6 to 0. 7 mm, although the degree 
of vessel injury was not reported. This value is comparable 
with the mean neointimal thickness in our study (0.72 mm). 
In our study, neointima at sites with more overall injury 
grew confluently and thus may have caused proliferation at 
the milder injury sites (Fig. 5). These combined results 
Table 5. Regression and Correlation Coefficients With 
Vessel Injury 
Slope Intercept r Value 
Neointimal 
thickness (mm) 0.34 0.07 0.84 
% area 
stenosis 20.2 24.7 0.74 
Total neointimal 
area (mm2) 0.91 0.67 0.46 
p Value 
<0.001 
<0.001 
0.02 
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Figure 4. Graph ofneointimal thickness(± SD) as a function of wire 
injury depth (0 through 3) for all wires measured. The neointimal 
thickness is related to injury depth as shown. Minimal injury (score 
0) was associated with a small amount of proliferation similar to that 
seen with wire stents properly deployed in normal animal models. 
Proliferation begins to increase as the injury becomes deeper, 
indicated by progressively higher thickness values from score 0 to 
score 3. 
support the idea that vessel injury caused by the wire, and 
not the wire material itself, is responsible for most of the 
neointimal growth. 
Implications for defining human restenosis. Restenosis 
implies substantial neointimal thickening relative to vessel 
diameter after revascularization. Thick neointima in a larger 
vessel will not cause as much lumen encroachment as the 
same neointimal thickness in a smaller vessel. To the extent 
that this study applies to human angioplasty, larger vessels 
may undergo more substantial injury without restenosis 
whereas the same quantitative injury in a small vessel would 
cause restenosis. Two opposing forces are thus at work: final 
vessel diameter after dilation and severity of vessel injury 
caused by that dilation. 
This principle is supported by the observation that abso-
lute neointimal thickness was more closely related to coro-
nary artery injury than was percent stenosis. The closer 
absolute thickness correlation would be expected if resteno-
sis results from a mass whose volume is unrelated to vessel 
lumen size. The volume of the "doughnut" (the neointima) 
was more closely related to vessel injury than was the size of 
the "doughnut hole" (the residual lumen). This finding has 
implications for angiographic definitions of restenosis. Dif-
fering restenosis definitions in clinical use (6) complicate the 
interpretation of clinical trials. Most trials use angiographic 
definitions of restenosis based on percent stenosis. Applica-
tion to future clinical studies may determine the validity of 
the absolute thickness concept. 
Interaction of nearby vessel injury sites. The dependence 
of neointimal thickness on injury extent at adjacent sites was 
unexpected. Within a single section, local injury response 
was related to injury severity at adjacent wire sites. A wire 
causing minimal injury in a vessel resulted in disproportion-
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Mean Neointimal Thickness (mm) 
Figure 5. Four graphs, one for each level of injury (0 to 3), showing 
neointimal thickness at each wire site (n = 136 individual wires) 
plotted against mean injury score for the corresponding wire seg-
ment. There is a relation between these two variables in all cases, 
indicating that the proliferation at a given wire site is dependent on 
the severity of injury at other wire sites within the same arterial 
segment. 
ately large amounts of neointima if that vessel suffered more 
severe injury overall. This disproportionate thickness may 
be a spillover effect as neointima at one wire injury site 
merges with that at another site. This finding suggests that 
diffusible humoral factors generated at severely injured sites 
may cause increased proliferation at adjacent, less injured 
sites. Such mediators could be local growth factors known to 
cause smooth muscle cell proliferation and phenotypic trans-
formation. The local milieu at the site of coronary artery 
intervention injury might thus play a critical role in increased 
neointimal proliferation at sites injured during percutaneous 
re vascularization. 
Alternatively, the interaction between injury sites might 
result from a thrombotic phenomenon (21 ,27 ,33). Intralumi-
nal thrombus stimulated by severe injury at one wire injury 
site could be enhanced at less severely injured sites as a 
result of aggregation factors (34). 
Implications for human angioplasty. This study suggests 
that maximizing the postangioplasty artery lumen by deeper, 
more severe injury might be counterproductive over time 
because of increased neointimal proliferation. There is likely 
a balance between these two opposing forces that results in 
an optimal long-term outcome. In a clinical series possibly 
reflecting this concept, Liu et al. (35) reported that an 
optimal initial angiographic lumen resulted in a greater 
likelihood of restenosis. 
Internal elastic lamina laceration: a marker of vessel in· 
jury. The structural integrity of the internal elastic lamina 
appears essential to minimize neointimal proliferation. Mean 
neointimal thickness increased steeply as the mean injury 
score became >0, reflecting laceration of the internal elastic 
lamina. Because rupture of the internal elastic lamina ex-
poses medial tissue to flowing blood, causing platelet depo-
sition and subsequent neointimal proliferation, it is a marker 
of vessel injury. Although rupture of the internal elastic 
lamina may not be necessary to initiate neointimal prolifer-
ation, it appears sufficient to induce this process in the 
porcine model of coronary artery injury. 
Similar observations regarding the internal elastic lamina 
were made earlier (22) in arteries injured by wire coils or 
solely by inflation of an oversized balloon. That a propor-
tional response may occur after inflation of an oversized 
balloon (without coil placement) in a previously normal 
porcine coronary artery is demonstrated in Figure 6. This 
figure illustrates two internal elastic lamina lacerations on 
opposite sides of a vessel; the proliferative response at each 
break is proportional to the size of the laceration. Portions of 
the vessel were equally stretched by the balloon, but where 
JACC Vol. 19, No. 2 
February 1992:267-74 
Figure 6. Section from a pig not included in this study in which an 
oversized balloon was inflated in the lumen of a normal porcine 
coronary artery without coil implantation. Neointima (NI) is present 
at two sites where the internal elastic lamina was lacerated on 
opposite sides of the lumen (L). The proliferative neointima is 
comparatively thin around the small rupture (lower left) and is 
substantially larger near the site of the larger rupture (upper right). 
Arrowheads indicate lacerations of the internal elastic lamina. Elas-
tic van Gieson stain x30, reduced by 42%. M = media. 
the lamina remained intact, they show little neointimal 
proliferation. This effect is frequently seen in the current 
model, and a recent report (36) suggests it may also be true 
in human restenosis. 
Recent reports of Sims et al. (37-39) may reflect a 
comparable phenomenon in human atherosclerotic autopsy 
material. These reports describe smooth muscle cell prolif-
eration into the vessel lumen frequently associated with gaps 
in the internal elastic lamina in young human coronary 
arteries. 
Conclusions. This study demonstrated that proliferative 
neointima in the porcine coronary artery is a response to 
injury and follows a proportional relation. The quantitative 
features of this relation may prove useful for testing pro-
posed methods of preventing restenosis in animal models. 
Furthermore, if this correlation exists in human coronary 
arteries, one aim of the interventional cardiologist should be 
to reduce the severity of injury during revascularization. 
We thank Rod Wolff and Vince Hull of Medtronic, Inc. for their expert 
technical help in this project. 
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